ABSTRACT The purpose of this study was to evaluate the use of rhodamine B as an orally delivered biomarker for rodents and a feed-through transtadial biomarker for phlebotomine sand ßies (Diptera: Psychodidae). Rhodamine B-treated hamsters were visibly marked for up to 8 wk, and their feces were ßuorescent when examined under a ßuorescence microscope. The development and survival of sand ßy larvae fed feces of rhodamine B-treated hamsters were not signiÞcantly different from control sand ßies. Adult male and female sand ßies, that had been fed as larvae the feces of rhodamine B-treated hamsters, were ßuorescent when examined using ßuorescent microscopy and could be distinguished from control sand ßies. Adult female sand ßies that took bloodmeals from rhodamine B-treated hamsters were ßuorescent when examined immediately after feeding. Rhodamine B incorporated rodent baits could be used to detect adult male and female sand ßies that fed on the feces of baited rodents as larvae, or adult female sand ßies that have taken a bloodmeal from bait-fed rodents. This would allow the delineation of speciÞc foci with rodentÐsand ßy associations that would be susceptible to control by using feed-through or systemic insecticides.
Phlebotomine sand ßies are major biting pests of humans and are the vectors of the protozoan parasites that cause leishmaniasis. Worldwide, there are an estimated 2 million new cases of leishmaniasis annually, and 12 million people are currently believed to be infected (WHO 2008) . Throughout North Africa, the Middle East and Southwest Asia, Phlebotomus papatasi (Scopoli) (Diptera: Psychodidae) is the primary vector of Leishmania major Yakimoff & Schokhor, the causative agent of zoonotic cutaneous leishmaniasis (ZCL).
In arid and semiarid foci, P. papatasi exhibits a close association with several burrowing rodent reservoirs of L. major. Sand ßy larvae are found in habitats that provide darkness, a moist substratum, organic matter for food, and protection from unfavorable weather conditions (e.g., temperature and precipitation). In ZCL foci in the Old World, rodent burrows are considered to be the primary habitats for immature stages of P. papatasi.
Although larvicides are commonly used to control mosquitoes and many other ßies of medical and veterinary importance, there is no current use of larvicides for phlebotomine sand ßy control. There are hundreds of species of phlebotomine sand ßy found in a diverse range of habitats around the world, and the larval habitats remain entirely unknown for many species. Identifying and locating the larval habitats of sand ßies is challenging due to the difÞculty of sampling for sand ßy larvae, which can involve the processing of large quantities of soil with little or no success (Feliciangeli 2004) . For the few species for which the larval habitats are known to be within rodent burrows, delivering insecticides to the precise larval habitats can be difÞcult to achieve, and attempts have largely been unsuccessful (KarapatiÕan et al. 1983) . Nevertheless, some insecticides (Bacillus thuringiensis israelensis and Bacillus sphaericus) have been shown to be effective against immature sand ßies in the Þeld and in laboratory (Robert et al. 1997 , Wahba et al. 1999 , Wahba 2000 .
Larvae of several species of phlebotomine sand ßies, including P. papatasi, Phlebotomus langeroni (Nitzulescu), Phlebotomus martini Parrot, and Phlebotomus duboscqi Neveu-Lemaire, have been recovered from soil taken from rodent burrows (Artemiev et al. 1972 , Mutinga and Kamau, 1986 , Doha et al. 1990 , Morsy et al. 1993 . In Old World ZCL foci, sand ßy larvae also have been observed feeding on the feces of rodents (WHO 1968) . Thus, rodent feed-through insecticides are a potential means of controlling sand ßy larvae, and this approach has recently been evaluated in laboratory studies using the chitin synthesis inhibitors dißubenzuron and novaluron (Mascari et al. 2007a (Mascari et al. ,b, 2008 . The results of these studies constituted proof of concept for feed-through rodent baits for the control of sand ßy larvae.
Before or simultaneous with Þeld evaluations of feed-through control of sand ßies in the different sand ßy/rodent associations that exist, establishing whether the larvae of different species of sand ßy feed on the feces of rodents must be demonstrated. However, there are currently no alternative methods available to directly demonstrate if the larval diet of phlebotomine sand ßies is largely or exclusively rodent feces. Although sand ßy larvae have been recovered from rodent burrows and have been observed feeding on the feces of rodents, larval sampling is an impractical method to demonstrate the larval diet of sand ßies.
The primary objective of this study was to develop a method to identify adult sand ßies that had fed as larvae on the feces of bait-fed rodents. Rhodamine B (a xanthene dye with ßuorescent properties) was chosen as a potential feed-through dye because of its reported low mammalian toxicity, because it is eliminated in the feces of orally dosed mammals, and because rhodamine B is an efÞcient ßuorophore (has a high quantum yield) allowing its detection at low concentrations. Rhodamine B has been used as a biomarker to determine the diet of the nematodes Trichostrongylus colubriformis and Nippostrongylus braziliensis that parasitize the intestines of mammals (Bottjer and Bone 1984, Bansemir and Sukhdeo 2001) . Rhodamine B also was shown to function as a transtadial marker for sawßies; larvae were fed a diet containing rhodamine B and the dye was detected in larvae, pupae, and adults (Heron 1968) . We also observed the marking effect of rhodamine B on bait-fed rodents and the female ßies that fed upon them.
Materials and Methods
Sand Flies. A laboratory colony of a Turkish strain of P. papatasi was established at Louisiana State University (Mascari et al. 2007a ). The sand ßies were reared using a larval diet consisting of a dried and decomposed 1:1 mixture of rabbit feces and rabbit chow (Young et al. 1981) . The colony was maintained in darkness in environmental chambers at 28ЊC and 90% RH.
Syrian Hamsters. Twelve Syrian hamsters were housed individually in micro-isolator cages. The maintenance of the hamsters and the experimental procedures of this research followed Animal Care and Use Protocol 05-074 and was approved by the Institutional Animal Care and Use Committee at Louisiana State University, Baton Rouge, LA. Research involving the hamsters was conducted in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals (National Research Council Publication, 1996 edition) .
Feed-Through. Rhodamine B (Sigma, St. Louis, MO) was added to a meal-form laboratory rodent diet (5001 Rodent Diet, LabDiet, PMI Nutrition International, Brentwood, MO) containing soybean oil (100 g/kg) as a palatability and sticking agent. Three concentrations of rhodamine B in rodent diet were prepared (50, 500, and 5,000 mg/kg). A control rodent diet also was prepared (a meal-form rodent diet containing 100 g/kg soybean oil).
Three hamsters were assigned randomly to each of the four diet groups (three diets containing rhodamine B and one control diet). At 1200 hours each day for 9 d, the hamsters were provided with 25 g of their respective diets. The uneaten portion of the food was collected the following day at 1200 hours, and the daily food intake for each hamster was calculated. The daily doses of rhodamine B also were calculated for each hamster (in milligrams per kilogram of body weight). Feces voided by each hamster were collected daily for 9 d during feeding. Feces were air-dried in darkness at room temperature for 7 d and then stored at Ϫ80ЊC until being examined for the presence of rhodamine B or used in larval bioassays.
After being fed their respective diets for 9 d, the hamsters were returned to an untreated pellet diet (5001 Rodent Diet, LabDiet, PMI Nutrition International). The hamsters were examined weekly for 8 wk under white light by using the overhead lighting of the vivarium, and the presence and location of markings (pink color) on the hamsters were recorded.
Bioassay. Feces voided after 9 d of feeding in the rhodamine B feed-through experiment were collected, pooled by hamster diet group, and crushed using a glass mortar and pestle. Four larval diets were used in sand ßy larval bioassays: feces of hamsters fed 0, 50, 500, or 5,000 mg/kg rhodamine B. The larval bioassays were conducted according to the methods described by Mascari et al. (2007b) . Portions of the larval diets (0.2 g) were transferred to the plaster surfaces of each bioassay vial. Ten second-instar larvae (13 Ϯ 1 d old) were transferred to each bioassay vial and were held in darkness in an environmental chamber at 28ЊC and 90% RH. Six bioassay vials were used for each of the four larval diet groups.
The larvae were observed under magniÞcation daily in subdued lighting, and larval mortality (deÞned as the lack of response to prodding with a blunt probe after 15 s) was recorded. Evidence of feeding, the presence of frass in the vials, dark material in the guts of larvae, and the visual presence of rhodamine B in larvae also was monitored. Sand ßies were killed by freezing within 1 d of emergence and were stored in darkness at Ϫ80ЊC. The percentage of adult emergence of sand ßies in each larval diet group was compared using repeated measures analysis of variance (ANOVA) performed with the GLM procedure (SAS Institute 2001). The Tukey multiple comparison procedure was used to separate signiÞcantly different means.
Blood Feeding. Six hamsters were fed diets containing 0 and 5,000 mg/kg rhodamine B for 9 d. On the ninth day, the hamsters were chemically immobilized with an anesthetic mixture of ketamine HCl (100 mg/kg body weight) plus xylazine HCl (10 mg/kg body weight) administered via intraperitoneal injec-tion. When the hamsters were immobilized, they were placed individually in clear, polycarbonate cages (30.5 by 30.5 by 30.5 cm) containing 15 adult female sand ßies (2Ð 4 d old). The sand ßies were allowed to feed on the hamsters for 30 min before the hamsters were removed.
Immediately after feeding, Þve sand ßies from each group were transferred to a 150-ml jar lined with plaster of Paris and were provided with 20% sucrose solution ad libitum; the remaining blood-fed sand ßies were killed by freezing, transferred to 2-ml cryogenic vials, and stored at Ϫ80ЊC. After 5 d (after the sand ßies had fully digested their bloodmeals), the sand ßies were transferred to 120-ml jars with a moistened plaster of Paris base, and the sand ßies were allowed to lay eggs. The oviposition jars were stored at 28ЊC and 90% RH. After 3 d (8 d after the bloodmeal), the adult sand ßies were killed by freezing, transferred to 2-ml cryogenic vials, and stored at Ϫ80ЊC. Eggs were monitored daily, and upon hatching the larvae were fed a larval diet ad libitum (rabbit feces-rabbit chow). As adult sand ßies emerged, they were killed by freezing, transferred to 2-ml cryogenic vials, and stored at Ϫ80ЊC.
Fluorescence Microscopy. All adult sand ßies that had been killed by freezing in the larval and bloodfeeding bioassays were examined using ßuorescence microscopy; three randomly selected fecal pellets voided by each hamster also were examined using ßuorescence microscopy. Individual specimens (adult sand ßies or hamster feces) were placed in the well of a glass concavity slide and covered with a glass coverslip to prevent air currents in the laboratory from moving specimens during observation. The slides were placed on the stage of a ßuorescence stereomicroscope (SteREO Lumar.V12, Carl Zeiss, Gö ttingen, Germany) and observed using incandescent illumination. Digital images were captured with AxioVision version 4.6 (Carl Zeiss) by using a 200-ms exposure time. The specimens then were observed under ßu-orescence microscopy using a rhodamine Þlter cube (excitation wavelength, 540 nm; emission wavelength, 625 nm). Three exposure times (1, 4, and 15 s) were used for capturing images during ßuorescence microscopy to identify the optimal exposure time for distinguishing ßuorescence due to rhodamine B in specimens experimentally exposed to the dye from potential autoßuorescence in control specimens. Specimens were considered positive for the presence of rhodamine B by using ßuorescence microscopy if they looked red and could be distinguished readily from the black background.
Results
Feed-Through. The mean body weight of the hamsters was 133.8 Ϯ 5.3 g, and the mean body weights of hamsters in the different hamster diet groups were not signiÞcantly different (F ϭ 0.83, df ϭ 3, P ϭ 0.4795) ( Table 1 ). The mean daily food intake of the hamsters was 10.8 Ϯ 1.2 g, and there was no signiÞcant difference between hamsters in the different diet groups (F ϭ 0.95, df ϭ 3, P ϭ 0.4600) ( Table 1 ). The mean daily dose of rhodamine B for treated hamsters ranged from 4.0 to 401.8 mg/kg.
Hamsters fed diets containing 50, 500, or 5,000 mg/kg rhodamine B were marked by the dye after feeding on their diets for 1 d. Bright pink coloration was present on the skin of the hamstersÕ footpads, muzzle, tail, and urogenital and anal areas, and also on the pelage. The markings on hamsters fed diets containing 50 or 500 mg/kg rhodamine B faded within 2 wk of being withdrawn from a rhodamine B-treated diet. The markings on hamsters fed diets containing 5,000 mg/kg rhodamine B had not diminished noticeably after observation over 8 wk.
Feces of hamsters fed a diet containing rhodamine B were pink, and the feces could be distinguished from feces of control hamsters when they were viewed under incandescent illumination. An increasing intensity of the pink coloration in feces seemed to be associated with increasing doses of rhodamine B. When examined using ßuorescence microscopy with a 1-s exposure time, feces of hamsters fed diets containing all three concentrations of rhodamine B (50, 500, and 5,000 mg/kg) looked red, whereas feces of control hamsters showed up as a black Þeld.
Bioassay. The mean percentage of adult emergence in the larval bioassay was 97.5 Ϯ 5.3, and there was no signiÞcant difference in percentage of emergence of sand ßies in different larval diet groups (F ϭ 0.18, df ϭ 3, P ϭ 0.9118) ( Table 2 ). The mean age of sand ßies at adult emergence was 30.0 Ϯ 1.3 d, and there was no Values in a column followed by the same letter are not signiÞcantly different from each other (P Ͼ 0.05).
a Nine replicates, three hamsters per replicate. Second-instar sand ßies were fed feces of hamsters that had been fed a diet containing 0, 50, 500, or 5,000 mg/kg rhodamine B. Values within a column with the same letter are not signiÞcantly different (P Ͼ 0.05).
a Six replicates, 10 larvae per replicate.
signiÞcant difference in age of emergence of sand ßies in different larval diet groups (F ϭ 1.35, df ϭ 3, P ϭ 0.2592) ( Table 2 ). Adults that as larvae were fed feces of rhodamine B-treated hamsters were positive for the presence of rhodamine B (looked red) when examined using ßu-orescence microscopy. An exposure time of 15 s was used to detect ßuorescence due to rhodamine B in sand ßies. At this exposure time, adult sand ßies fed feces of untreated hamsters as larvae showed up as a black Þeld. All sand ßies fed as larvae feces of hamsters that had been fed a diet containing 5,000 mg/kg rhodamine B were ßuorescent (n ϭ 58); sand ßies fed feces of hamsters fed a diet containing 500 mg/kg rhodamine B exhibited a fainter ßuorescence, but they were all still discernible from control ßies (n ϭ 59). Adult sand ßies that had been fed as larvae the feces of hamsters fed a diet containing 50 mg/kg rhodamine B were difÞcult or impossible to distinguish from control sand ßies. As indicated by ßuorescence, rhodamine B was principally located in the thoraces and femurs but often also was present in the abdomen (Fig. 1) . Rhodamine B seemed to be absent from the head, wings, and the legs below the femur.
Blood Feeding. All of the sand ßies exposed to anesthetized hamsters successfully obtained bloodmeals. The sand ßies that were killed immediately after feeding on rhodamine B-treated hamsters were positive for the presence of rhodamine B (looked red) when examined using ßuorescence microscopy with an exposure time of 15 s. As indicated by ßuorescence, rhodamine B was located in the thorax, femur, posterior tip of the abdomen, and the malpighian tubules. Rhodamine B seemed to be absent from the head, the legs below the femur, and the bloodmeal itself (Fig. 2) . Sand ßies that took bloodmeals from untreated hamsters showed up as a black Þeld by using ßuorescence microscopy with an exposure time of up to 15 s.
Sand ßies that were killed 8 d after feeding on control or rhodamine B-treated hamsters were not considered positive for the presence of rhodamine B when examined with ßuorescent microscopy by using an exposure time up to 15 s. Similarly, the eggs, larvae, and adult progeny of sand ßies that took a bloodmeal from a control or rhodamine B-treated hamster also were not marked when examined with ßuorescence microscopy using a 15-s exposure time. Fig. 1 . Images of two female sand ßies taken under incandescent lighting (A and B) and by using ßuorescence microscopy (C and D). The sand ßy pictured in the Þrst column (A and C) had been fed as a larva the feces of a hamster that had been fed a control diet, and the sand ßy pictured in the second column (B and D) had been fed as a larva the feces of a hamster that had been fed a diet containing 5,000 mg/kg rhodamine B.
Discussion
To be an effective biomarker, a marker must be nontoxic and readily consumed by target animals. There was no signiÞcant difference in the amount of food consumed by hamsters at any of the diet concentrations of rhodamine B tested. Furthermore, rhodamine B is a dye with low mammalian toxicity (LD 50 ϭ 887 mg/kg mouse oral) and has been used safely in a variety of mammals. The Þnding that the food intake of hamsters was not affected by rhodamine B treatments is consistent with results for other small mammals. For example, there was no difference in the bait preference of ground squirrels targeted with untreated baits or baits containing 2500 mg/kg rhodamine B (Sullins and Verts 1978) . Similarly, red-backed voles and Þeld voles did not discriminate between untreated food and food containing rhodamine B (Buckner 1968) . The results of this study support the idea that rhodamine B does not affect the palatability of baits for rodents and suggest that effective baits containing rhodamine B could be prepared for the various rodents present in different ZCL foci.
All hamsters that consumed diets containing rhodamine B in this study were visibly marked. Hamsters fed a diet containing 50 or 500 mg/kg rhodamine B were marked for a period of up to 2 wk, whereas hamsters fed a diet containing 5,000 mg/kg rhodamine B were marked for Ͼ8 wk. Persistence of markings due to rhodamine B have been shown to vary between different mammalian species. For example, coypu fed a diet containing 5,000 mg/kg rhodamine B remained marked for up to 225 d, whereas mountain beavers fed a diet containing 1,000 Ð3,400 mg/kg rhodamine B remained marked for only 2 wk (Lindsey 1983 , FichetCalvet 1999 . This is the Þrst report of rhodamine B being used as a biomarker for hamsters and adds support for the use of rhodamine B as an orally delivered marker for mammals. We also demonstrated that the persistence of rhodamine B as a biomarker in hamsters is associated with the dose of rhodamine B.
Numerous biomarkers have been used to monitor the ingestion of baits by mammals, including fat-soluble markers such as DuPont oil blue A, antimicrobial markers such as tetracycline hydrochloride and sulfadimethoxine, and the cholecyctographic agent iophenoxic acid (Creekmore et al. 2002 , Southey et al. 2002 . Unlike rhodamine B, none of these oral biomarkers for mammals have been detected in the feces of Fig. 2 . Images of two blood-fed female sand ßies taken under incandescent lighting (A and B) and by using ßuorescence microscopy (C and D). The sand ßy pictured in the Þrst column (A and C) had taken a bloodmeal from a hamster that had been fed a control diet, and the sand ßy pictured in the second column (B and D) had taken a bloodmeal from a hamster fed a diet containing rhodamine B.
orally dosed mammals. In rats, only 3Ð5% of orally dosed rhodamine B is excreted unchanged in feces (Webb and Hansen 1961) . Nevertheless, in this study feces of hamsters that consumed rhodamine B-treated diets were ßuorescent. This Þnding is consistent with studies using rhodamine B to mark other small mammals. For example, feces of black-tailed jackrabbits and cottontail rabbits orally dosed with rhodamine B also were reported to be visibly marked and ßuores-cent under UV illumination (Evans and GrifÞth 1973) . The results of this study suggest that examining feces for rhodamine B could provide an alternative measure of bait uptake by target rodents that would be less invasive and time consuming than examining the rodents themselves.
Sand ßy larvae fed feces of hamsters that had been fed a diet containing 500 or 5,000 mg/kg rhodamine B were ßuorescent as adults when examined using ßu-orescence microscopy. The results of this study constitute the Þrst report of a feed-through biomarker for larvae and the subsequent adult insects for a medically important insect. In this study, ßuorescence due to rhodamine B was detected primarily in the thorax of sand ßies. This Þnding indicates that a marking system using rhodamine B would be compatible with the processing required to identify sand ßies. Sand ßies are cleared before identiÞcation, and key taxonomic characteristics are located in the head and abdomen (the cibarium of a sand ßy is used to distinguish medically important Phlebotomus spp. from Sergentomyia spp., and the spermatheca of female sand ßies or the external genitalia of male sand ßies are necessary to differentiate species within Phlebotomus spp.).
The results of this study suggest that ßuorescence due to rhodamine B is transient in sand ßies that have taken a bloodmeal from rhodamine B-treated hamsters. Using ßuorescence microscopy, rhodamine B was observed in the malpighian tubules of recently engorged sand ßies. In insects, the malpighian tubules are the primary system responsible for excretion, suggesting that rhodamine B is rapidly eliminated as the bloodmeal is processed. This hypothesis is further supported by the absence of ßuorescence due to rhodamine B in the bloodmeal itself.
A biomarker incorporated into a rodent bait to demonstrate the suitability of rodent feed-through control of sand ßy larvae in a rodent/sand ßy association must: 1) be palatable to rodents, 2) mark the rodents and their feces, 3) be excreted unchanged in the feces of bait-fed rodents (rather than metabolized), and 4) be detectable in adult sand ßies that have consumed feces of bait-fed rodents as larvae. In this study, hamsters readily consumed food containing high concentrations of rhodamine B (up to 5,000 mg/kg), and markings due to rhodamine B were detected on the hamsters and their feces. Adult male and female sand ßies that had been fed feces of rhodamine B-treated hamsters as larvae could be distinguished from control sand ßies by using ßuorescence microscopy. Because the results of this study suggest that rhodamine B could be an effective biomarker, the next step would be to evaluate potential interactions between rhodamine B and feed-through insecticides, to evaluate rhodamine B in additional rodent and sand ßy models, and to develop a high-throughput and quantitative technique, such as spectroßuorometry, for detecting rhodamine B in specimens. Additional ßuorescent dyes with nonoverlapping excitation and emission wavelengths also could be evaluated for potential use in conjunction with rhodamine B and feed-through or systemic insecticides.
Using rhodamine B incorporated rodent baits in the Þeld could allow the identiÞcation of sand ßies in speciÞc sand ßy/rodent associations that would be susceptible to control (using feed-through or systemic insecticides) through the detection of adult male and female sand ßies that had fed on the feces of baited rodents as larvae, and adult female sand ßies that had taken a bloodmeal from bait-fed rodents. The development of rhodamine B as a feed-through biomarker also could have an enormous impact on future studies on sand ßies, and could be the breakthrough for several unanswered questions: What percentage of sand ßies in an area are associated with rodents? Which of the sand ßy species feed on rodent feces as larvae? What percentage of human-biting ßies in an area could potentially be eliminated using rodent baits containing insecticides? How far do sand ßies disperse from the habitats of their immature stages? What distance around human settlements must be targeted with insecticide-treated rodent baits to create an appropriate barrier?
Using rhodamine B as a feed-through biomarker also could provide detection of changes in sand ßy populations due to larval control measures. Currently, monitoring the effects of larval control of phlebotomine sand ßies during Þeld trials is problematic. The ideal method of demonstrating successful larval control would be to directly measure reductions in the larval population through larval sampling, which is impractical. Alternatively, adult sampling tools (such as sticky paper traps and light traps) could be used, but there are inherent problems with adult sampling to demonstrate larval control. False negative interpretations of results (not detecting control when it happens) could occur through immigration of adult sand ßies into the study area or false positive interpretations of results (attributing a reduction in adult populations to unsuccessful larval control) could happen when it actually is a natural seasonal population decline or differential changes in microclimates of test sites.
Our study is the Þrst report of a ßuorescent dye fed to larvae and then detected in adults of a medically important insect. The value of this method is that it can mark rodents and their feces to establish the consumption of treated-baits, mark adult female sand ßies that feed on rodents for the duration of persistence of the dye in rodents, and mark adult male and female sand ßies that had fed on feces of bait-fed rodents as larvae. In speciÞc rodent sand ßy associations, the differential marking of both male and female sand ßies or only female sand ßies can be used to direct Þeld control studies: a rodent bait containing a systemic insecticide would be used at sites where only female sand ßies that fed on rodents are marked, whereas if both male and female sand ßies are marked, feedthrough insecticides also could be used.
